Very fine cobalt oxide xerogel powders were prepared using a unique solution chemistry associated with the sol-gel process. The effect of thermal treatment on the surface area, pore volume, crystallinity, particle structure, and corresponding electrochemical properties of the resulting xerogels was investigated and found to have significant effects on all of these properties. The xerogel remained amorphous as Co(OH)2 up to 160°C, and exhibited maxima in both the surface area and pore volume at this temperature. With an increase in the temperature above 200°C, both the surface area and pore volume decreased sharply, because the amorphous Co(OH)2 decomposed to form CoO that was subsequently oxidized to form crystalline Co304. In addition, the changes in the surface area, pore volume, crystallinity, and particle structure all had significant but coupled effects on the electrochemical properties of the xerogels. A maximum capacitance of 291 F/g was obtained for an electrode prepared with the CoOs xerogel calcined at 150°C, which was consistent with the maxima exhibited in both the surface area and pore volume; this capacitance was attributed solely to a surface redox mechanism. The cycle life of this electrode was also very stable for many thousands of cycles.
Introduction
Interest in electrochemical capacitors for high-power devices in energy-storage systems has risen in recent years. '5 Moreover, the energy density of the relatively new pseudocapacitor devices that are based on faradaic processes has been reported to be many times greater than that of the more traditional double-layer capacitors.1' Noble metal oxides, such as Ru02 and 1r02, have been identified as possibly the best electrode materials for pseudocapacitors. For example, Zheng et al.7 achieved a remarkable specific capacitance of 760 F/g from a sol-gel-derived amorphous RuO with a very high electrical conductivity; but the high cost of this and other noble metal materials may be a limiting factor. Thus, other efforts have aimed at making a lower cost electrode material that has a relatively high capacitance. For example, Liu et al. ' developed an ultracapacitor device based on a sol-gel-derived porous metal oxide NiOjNi film. The specific capacitance of this device, ranging from 50 to 64 F/g (equivalent to 200 to 256 F/g for a single electrode), is considerably higher than that obtained from carbon-based capacitors. Srinivasan and Weidner' also developed an electrochemical route for making nickel oxide capacitors with relatively large specific capacitances of about 240 F/g (from a single electrode). Cobalt oxide electrode materials have * Electrochemical Society Active Member. also been studied extensively due to a variety of applications in electrocatalysis10'3 and lithium-ion batteries.'4 However, cobalt oxides have not been examined for use as electrochemical capacitors (with one recent exeption9), most likely because the common preparation method, involving the thermal decomposition of a metal salt,15'16 usually yields low surface area oxides. Even the electrochemical precipitation technique,' which produced an acceptable nickel oxide capacitoi resulted in a rather low specific capacitance for cobalt oxide of about 40 F/g (single electrode, fired at 250°C). Nevertheless, it is clear that sol-gel7"7" and other precipitation processes' have been receiving increasing attention in the electrochemical research community for making high surface area metal oxides.
The sol-gel process is quickly becoming one of the most promising materials synthesis techniques, because it readily allows for control of the texture, composition, homogeneity, and structural properties of the resulting materials. '9 Moreover, numerous studies have been devoted recently to understanding how the synthesis conditions affect the porous structure of sol-gel derived materials.202' But only limited information is available on sol-gel-derived cobalt oxides.17'25 Also, a paucity of information is available that correlates the surface area and pore structure with the electrochemical properties of the electrode materials.
Therefore, the objective of this work was to develop a new sol-gel synthesis route2' for making high surface area cobalt oxide xerogel powders with a controlled pore structure for use as an electrode material in electrochemical capacitors. Another objective was to study the effect of the calcination temperature on the surface area, pore volume, particle structure, and corresponding electrochemical properties of the CoO' xerogels. Physical adsorption, transmission electron microscopy (TEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and electrochemical techniques were used to correlate the electrochemical performance of the material with its physical properties.
Experimental
Reagent-grade cobalt chloride (CoCl2, 98%, Aldrich), sodium ethoxide (NaOC2H5, 96%, Aldrich), dehydrated ethanol (EtOH, 200 proof, Quantum), ammonium hydroxide (NH4OH, 50 vol %, Alfa), and potassium hydroxide (KOH, 85% assay, Alfa) were used as received. CoC12, NaOC2H5
(mole ratio of CoC12 to NaOC2H5 = 1:2) and dehydrated EtOH were added to a three-necked flask equipped with a N2 purge, cooling water condenser, and magnetic stirrer. The mixture was heated and refluxed for 3 h, and then cooled to room temperature. Next, while agitating, a 0.2 M solution of NH4OH was added dropwise to form the hydrogel; agitation was continued overnight. The reactions for the synthesis are summarized below CoC12 + 2NaOC2H5 -Co(0C2H5)2 + 2NaC1 [1] NH4OH Co(0C2H5)2 + 2H20 Co(OH)7 + 2C2H50H [2] In order to remove NaC1 from the hydrogel, the gel was washed with a 50 vol % solution of distilled water and EtOH, and vacuum filtered three times. This step was followed by a final wash with dehydrated EtOH. Temperatureprogrammed drying and calcination in air were used in the final preparation step. With a heating rate of 0.5°C/mm, the gel was heated to 65°C and held there for 5 h. It was then heated to 110°C and held there for another 5 h. Finally, it was heated at a rate of 5°C/mm to the calcination temperature (varied as a parameter in this study), and held there for 3 h.
The surface area and pore volume were obtained with a Micromeritics Pulse Chemisorb 2700 analyzer, and skeletal densities were measured with a Quatachrome ultrapydnometer 1000. TEM were obtained with a Hitachi H-8000 TEM, and XRD patterns were collected using a Rigaku-D-max B diffractometer equipped with a Cu source. A Perkin-Elmer thermogravimetric analyzer (TGA-7) and a Perkin-Elmer differential scanning calorimeter (DSC-7) were used to determine the weight loss and corresponding thermal effects of the dried gel during calcination in air at a heating rate of 5°C/mm.
Cyclic voltammetric and chronopotentiometric measurements were performed with an EG&G PAR model 273 computer-controlled potentiostat-galvanostat, driven by model 273 electrochemical analysis software. A three-electrode system was used for the electrochemical measurements. The working electrode contained about 5 mg CoO. xerogel bound with 5 wt % polytetrafluoroethylene (PTFE, Aldrich). It was rolled to a thickness of about 100 p.m, cut into a circular piece with a diameter of 0.75 cm, and pressed at 3 tons/cm2 between two pieces of nickel gauze with nickel wire leads for connection. Platinum gauze served as a counter electrode; and a saturated calomel electrode (SCE) was used as a reference electrode. A 1 M KOH solution was used as the electrolyte. All of the electrochemical measurements were conducted at room temperature. X-ray diffraction peak widths were used to estimate the average size of the crystallite in the CoO' xerogels from the Scherrer equation27 K). [31 bcos 0 where b is the peak width at its half-height in terms of 20, X is the incident radiation wavelength (1.5406 A for Cu Ka radiation), 0 is the angle of the diffraction, K is a constant (taken as 0.9), and d is the crystallite size. The pore volume and skeletal density measurements were used to obtain the particle density from the following relationship d= 1 [4] V +-where V. is the specific pore volume, d, is the skeletal density, and d is the particle density.
Results The effect of thermal treatment on the surface area and pore volume of the CoOs xerogels is shown in Fig. 1 . The surface area initially increased with an increase in temperature from 110 to 150°C, and it reached a maximum of 198 m2/g at 150°C. Beyond 150°C, the surface area decreased sharply to about 120 m2/g at 250°C and 50 m2/g at 400°C, and finally it reached 20 m2/g at 600°C. The pore volume exhibited similar trends and increased slightly from 0.40 to 0.43 cm3/g with an increase in temperature from 110 to 150°C. Beyond 150°C, it decreased linearly with increasing temperature down to 0.04 cm3/g at 600°C.
The effect of the calcination temperature on the crystalline structure of the CoO' xerogels is shown in Fig. 2 in terms of the XRD patterns. Between 110 and 150°C the XRD patterns were essentially identical exhibiting only two small featureless peaks at 20 = 32 and 58°, which were probably associated with amorphous Co(OH)2. At higher temperatures, the XRD patterns exhibited the characteristic peaks of Co304 17 at 36.6, 59.2, and 65.1°, which first appeared following calcination at 200°C; and as the temperature increased the intensities of the peaks increased, indicating that more crystallization was taking place. This increase in intensity with an increase in the calcination temperature is also shown in Fig. 3 , where the average crystallite size and intensity of the XRD peak at 20 = 3 6.6°a
re plotted as a function of the calcination temperature. Linear relationships were exhibited in both cases. The crystallite size was initially about 4 nm for the COOr xerogel calcined at 200°C, and it grew to about 25 nm as the calcination temperature increased to 600°C. The TEM images of the CoQ. xerogels shown in Fig. 4A and B, respectively, were qualitatively consistent with these results. They show that the CoOr xerogel calcined at 150°C was comprised of 10 nm particles, whereas that calcined at 600°C was comprised of larger 30 to 40 nm particles. Figure 5 displays the skeletal densities of the CoOr xerogels calcined at different temperatures. The skeletal density increased slightly from 3.19 to 3.34 g/cm3 with an increase in temperature from 110 to 150°C, and then it increased linearly to about 5.45 g/cm3 at 300°C. Between 300 and 600°C, the skeletal density remained essentially constant, and finally it reached 5.74 g/cm3 at 600°C, which is about 94% of the theoretical density of Co304.28 In contrast, the particle The TGA and corresponding DSC analyses are illustrated in Fig. 6 . The weight loss of the COOr xerogel occurred in three stages: an initial loss of about 13% up to 160°C, followed by a rapid loss of around 14% between 160 and 170°C, and an additional but gradual loss of around 4% up to 750°C. The initial weight loss up to 160°C was not associated with any thermal events as seen in the DSC trace. However, between 160 and 170°C, the weight loss was accompanied by a marked endothermic event that extended over a broader temperature range (up to 270°C) than the weight loss. The final small weight loss between 400 and 650°C was accompanied by another marked thermal event; however, in this temperature range an exothermic event occurred.
Cyclic voltammetry (CV) and galvanostatic techniques were used to determine the electrochemical properties of the CoOt xerogels as a function of the calcination temperature. Figure 7A shows the characteristic shapes of the CV curves for the CoOr xerogels calcined at three different temperatures (150, 200, and 600°C). The potential was scanned between -0.3 and 0.5 V (vs. SCE) in both directions and the current response was measured for a scan rate of 5 mV/s. In all cases, a single anodic peak was exhibited at about 0.45 V, and a corresponding cathodic peak at about 0.30 V. In addition, a shoulder appeared between 0 and 0.3 V for the xerogel calcined at 150°C. The electrochemical stability of the COOr xerogel electrode calcined at 150°C was also studied; the result is shown in Fig.  7B . Essentially no change is exhibited in the initial cycle and after several thousand cycles, indicating that this electrode was very stable. Figure 8 shows the dependence of the cathodic peak current on the calcination temperature. It exhibited a similar trend to the surface area and pore volume plots shown in Fig. 1 . A maximum current was obtained for the xerogel calcined at 150°C, which was the same temperature at which the surface area and pore volume exhibited maxima. Constant-current (2.26 mA/cm2) discharge profiles of the CoOs xerogels are shown in Fig. 9 . The corresponding specific capacitances were calculated from C = I•It [5] mV and are displayed in Fig. 10 . 1 is the discharge current, Lt is the total discharge time, m is the mass of the CoO' xerogel, V is the potential drop during discharging, and C is the specific capacitance. The total discharge time was used because it was difficult to determine the transition time for the material calcined at 150°C. In this way, the CoOs xerogel calcined at 150°C exhibited the highest specific capacitance of 291 F/g. The curves in Fig. 10 also exhibited similar trends to those shown in Fig. 1 and 8 ; thus, these results were consistent with those obtained from the CVs (Fig. 7A ).
Discussion
The chemistry depicted in Eq. 1 and 2 gives rise to unique cobalt oxides via the hydrolysis and condensation of the transition metal alkoxide. However, because the hydrolysis of transition metal alkoxides is so rapid,19 this chemistry results in sol-gel-derived precipitates instead of gels. Nevertheless, cobalt oxide precipitates can be synthesized with rather interesting physical and electrochemical properties, as discussed above and shown in Fig. 1 to 10 . The increases in the surface area and pore volume from 110 to 150°C (Fig. 1) the skeletal density increased dramatically and attained nearly the theoretical density of Co304 at about 275°C, but the particle density was still increasing, thereby indicating the continued loss of surface area and pore volume.
In the final temperature range from 400 to 600°C, the secondary particles began to grow into even larger crystallites, which necessarily eliminated some of the large intraand interparticle voids. As a result, the pore volume decreased continuously, but the surface area decreased more slowly. Again, the average crystallite size nearly doubled;
and the results in Fig. 2 and 4 show that a highly crystalline Co304 structure was created at the final temperature of 600°C. The final weight loss and corresponding exothermic event that took place in this temperature range was assigned to structural relaxation,31 a process whereby intra-and interparticle voids are eliminated but with little weight loss. During this structural relaxation, Fig. 10 . Effect of the calcination temperature on the specific the surface area and pore volume of the CoOs xerogel concapacitance of the CoO, xerogel elecfrodes.
tinuously decreased, but the crystallite size grew as shown in Fig. 1, 2 , and 3.
It was also interesting to ascertain whether the ed the pore structure of the material.2' The maxima in both Brunauer, Emmett, and Teller (BET) surface area correthe surface area and pore volume exhibited at 150°C, and sponded to intra-or interparticle voids, depending on the the sharp weight loss from 160 to 170°C were most likely calcination temperature. To illustrate, the CoOs xerogels due to the decomposition of cobalt hydroxide to form calcined at 250 and 600°C were selected with correspondamorphous cobalt oxide by removal of chemisorbed water ing particle sizes of 15 and 35 nm (as determined from according to Eq. XRD) and skeletal densities of 4.10 and 5.74 g/cm3, respectively. The external surface areas of these particles were Co(OH)2 -CoO + H20 [6] calculated from the relationship because no CoO peaks were observed in the XRD pattern [8] (see Fig. 2 ). The theoretical weight loss to form CoO from Co(OH)2 was about 19.4%, which was larger than the 14% obtained from the TGA results for the temperature change where D is the particle diameter, d is the skeletal density, from 160 to 170°C (see Fig. 6 ). This difference was most and S is the specific surface area; they were 98 and likely caused by OH groups still remaining in the bulk 30 m2fg, respectively. For the xerogel calcined at 600°C, the within this temperature range, that could only be elimicalculated external surface area of 30 m2/g was close to nated at higher temperatures. As the temperature was inthat obtained from the BET measurement of 20 m2/g, mdicreased above 170°C, the oxidation of CoO to Co304 began cating that the particles were nonporous and that both the to take place according to Eq. 72930 BET surface area and pore volume were due to interparticle voids. In contrast, for the xerogel calcined at 25 0°C, the 6CoO + 02 -* 2Co3O0 [7] calculated external surface area of 98 m2/g accounted for only half of the BET surface area of 180 m2/g, indicating which was consistent with the XRD results, in that the that significant intraparticle voids were present in the intensity of the Co304 peaks increased with increasing form of various sizes of pores. The highly porous structure temperature. According to the TGA results, this reaction of the CoOt xerogels calcined below ca. 250°C was maniwas completed between 400 and 500°C. 20 The theoretical fest through the sol-gel chemistry depicted in Eq. 1 and 2. weight loss corresponding to the change from Co(OH)2 to
The sol-gel chemistry associated with transition metal Co304 was about 13.6 %, but the weight loss obtained with alkoxides was also responsible for the unique electrothe TGA during the temperature excursion from 150 to chemical properties of the Co0 xerogels, as shown in 450°C was about 17%. The difference was most likely Fig. 7 to 10 . For example, the very stable and reproducible associated with the removal of additional peaks in the CVs shown in Fig. 7A and B between 0.3 and physisorbed/chemisorbed water at about 160°C.
V (vs. SCE) corresponded to the oxidation of CoOOH to
In the temperature range from 170 to 400°C, primary CoO2 according to Eq. 913 amorphous Co0 particles aggregated and formed larger CoOOH + OW # CoO2 + H20 + e [9] secondary crystalline particles, thus eliminating some of the smallest intra-and interparticle voids and resulting in where the CoOOH under open-circuit potential conditions a sharp drop in the surface area and a gradual drop in the was formed initially from12 pore volume. These explanations are consistent with the XRD results shown in Fig. 2 and 3 , which show that in the Co(OH)2 + OW P CoOOH + H20 + e [10] 200 to 400°C temperature range the average crystallite size for the xerogels calcined at the lower temperatures, e.g., more than doubled. In fact, the particle sizes of the xero-below 200°C; and from'7 gels obtained from the TEM images were larger than those estimated from the XRD results, which suggests that the Co304 + H20 + OW P 3CoOOH + e [11] particles seen in the TEM images consisted of an aggregate of crystallites, instead of single crystallites. This aggregafor the xerogels calcined at the higher temperatures, e.g., tion phenomenon occurred with minimal weight loss and above 200°C.
an initial endothermic event that ceased at about 250°C
To illustrate a charge-storage mechanism associated with (Fig. 6 ). This endothermic event was most likely caused by the Co0 xerogel electrodes, a theoretical capacitance, CT, the decomposition of Co(OH)3 to form CoO by elimination for the one-electron exchange redox reaction (Eq. 9) that is of chemisorbed water according to Eq. 6 and the subseassumed to take place only on the surface of each particle quent oxidation of CoO to Co304 according to Eq. 7.
was estimated from Moreover, a significant structural change occurred in this sF [12] temperature range, during which the xerogel converted CT = h2LAV from an essentially amorphous structure into an essentially crystalline structure. What was most interesting, howwhere s is the specific surface area, F is Faraday's conever, is that in this temperature range, Fig. 5 shows that stant, h is the length of a crystal lattice and taken as 4.26 A for crystalline CoO,28 LA is Avogadro's number, and V is the potential range from 0 to 0.5 V for the current measured. Equation 12 implies that there is only one Co atom in the square area of h on the surface; thus, at 150 and 3 00°C, corresponding surface areas of 199 and 99 m2/g give rise to CT of 351 and 175 F/g, respectively. These values are very close to the measured capacitances of 291 and 163 F/g at these two temperatures, respectively. This result suggested that the CoOs redox reaction was taking place only on the surface of each particle that was in direct contact with the electrolyte, and that the charge-storage mechanism was based solely on the surface redox reaction and thus pseudocapacitance. Moreover, if the reaction involved all of the bulk material, a specific capacitance of 2100 FIg would have been observed, which is about six to seven times the theoretical capacitance. This result implies that 14 to 17% of the material was utilized for energy storage, a fairly large percentage for a surface redox reaction. This unique feature of the CoOs xerogels was attributed to the high surface area of this sol-gel-derived cobalt oxide.
According to the literature,13'17 the anodic shoulder in the CVs shown in Fig. 7A and B for the xerogel calcined at 15 0°C was associated with the oxidation process given in Eq. 10, whereas the cathodic shoulder corresponded to the reverse of Eq. 10. This very stable redox reaction (Fig. 7B) , which disappeared at higher temperatures, most likely gave rise to the very high capacitance observed with this material (291 F/g). The appearances of these CV curves were also very similar to those reported by Boggio et al. 13 for a Co304 thin film deposited by thermal decomposition of Co(N03)2 on a titanium support, which further substantiates that the origin of the capacitance in these bulk cobalt oxide materials is due solely to surface redox reactions depicted by Eq. 9 to 11, as explained in more detail elsewhere.13 Figure 7A also shows that with an increase in temperature, both of the anodic and cathodic shoulders disappeared; and the peak currents of both the cathodic peak at 0.3 V and the corresponding anodic peak decreased with increasing calcination temperature, indicating that crystalline, nonelectrochemically active species with a smaller active surface area had been formed. At the highest calcination temperature, the anodic potential limit extended fully into the oxygen evolution region, indicating that the only process occurring on the surface was the formation of oxygen.
The discharge curves shown in Fig. 9 are also explained by taking into account the structure and electrochemically active surface area of the CoQ, xerogels. According to Fig. 2 , the electrodes prepared with the CoOs, xerogels calcined at the lower temperatures had an amorphous structure of Co(OH)2. Thus, the high intraparticle surface area of this amorphous material contributed to the large charging and discharging currents observed in the potential range from 0 to 0.3 V. However, at temperatures above 200°C, the xerogel was converted into a crystalline structure of Co304 that resulted in a decrease of the electrochemicafly active surface area. Consequently, a loss in capacity was observed for all materials prepared at temperatures above 200°C (see Fig. 9 ). These results suggested that the surface area played a major role in controlling the electrochemical properties of the CoOt xerogel electrodes. The highest surface area electrode (calcined at 150°C) had the highest redox current, because of its unique amorphous structure. These trends were also apparent in Fig. 10 , where the amorphous structure of the CoOn xerogel electrode calcined at 150°C resulted in the highest specific capacitance of all of the CoOt xerogels studied.
Conclusions
The calcination temperature had a significant impact on the structure of the sol-gel derived CoOs xerogel powders and their corresponding electrochemical properties. The xerogels essentially exhibited both high surface area and pore volume at relatively low calcination temperatures; but after some characteristic calcination temperature was exceeded, both the surface area and pore volume decreased with an increase in temperature. The maximum surface area and pore volume were observed for the xerogel calcined at 150°C, which yielded a unique amorphous structure of Co(OH)2. At calcination temperatures above 160°C, however, the amorphous Co(OH)2 began to decompose to form CoO that was subsequently oxidized to form crystalline Co304 with an increase in temperature, thereby resulting in lower surface areas and pore volumes. The electrochemical study showed that the xerogel electrode calcined at 150°C was very stable over several thousand charging/dischaging (CV) cycles, and it exhibited the highest surface redox currents, which were clearly associated with the high surface area and pore volume of the amorphous Co(OH)2 structure. However, the redox currents began disappearing at temperatures above 200°C, as a result of structural changes that took place during formation of the crystalline Co304 and the corresponding decreases in the surface area and pore volume. The highest average specific capacitance obtained was 291 F/g for a single electrode, and it corresponded to the CoOs xerogel electrode calcined at 150°C. This result was very close to the theoretical capacitance of 351 F/g that was obtained based on a surface redox mechanism; thus, the charge-storage mechanism was due solely to a surface redox reaction. The unique physical and electrochemical properties of these CoOs xerogels were attributed to the solgel chemistry of transition metal alkoxides.
